Abstract Scholarly publications reify fruitful collaborations between co-authors. A branch of research in the science studies focuses on analyzing the co-authorship networks of established scientists. Such studies tell us about how their collaborations developed through their careers. This paper updates previous work by reporting a transversal and a longitudinal studies spanning the lifelong careers of a cohort of researchers from the DBLP bibliographic database. We mined 3,860 researchers' publication records to study the evolution patterns of their co-authorships. Two features of co-authors were considered: (1) their expertise, and (2) the history of their partnerships with the sampled researchers. Our findings reveal the ephemeral nature of most collaborations: 70 % of the new co-authors were only one-shot partners since they did not appear to collaborate on any further publications. Overall, researchers consistently extended their co-authorships (1) by steadily enrolling beginning researchers (i.e., people who had never published before), and (2) by increasingly working with confirmed researchers with whom they already collaborated.
Introduction
Since the seminal work of Beaver and Rosen (1978) , the rationale behind collaborations between researchers has been a recurring matter of interest. It has been found that collaborations are facilitated by technological advances (Katz and Martin 1997) , by geographic proximity (Landry and Amara 1998) , and more generally by homophily [i.e., similarity of research topics or status, see (Evans et al. 2011)] . However, differences across disciplines have been highlighted (Abramo et al. 2009 ), as well as between diverse types of research groups (Stvilia et al. 2011) . Overall, it appears that collaborations boost research outcomes: in terms of effect by a positive impact on citations received (Frenken et al. 2005; Wallace et al. 2012 ) and in terms of structuring specialties by network's dynamic core (Lee et al. 2010) . We wondered if these findings would also apply at the individual level of the single researcher. Lee and Bozeman (2005) stressed the impact of collaboration on the increase in research productivity. The reason for this may be related with the theory of ''preferential attachment'' introduced by Barabási et al. (2002) . Building on the concept of cumulative advantages (Price 1976) , this theory states that some prominent researchers attract a large share of collaborators, turning these attractive researchers into hubs in the network of coauthorships (see also Huang et al. 2008; Cotta and Merelo 2006) .
Seminal work by Price and Gürsey (1975) and follow-up studies (e.g., Schubert and Glänzel 1991; Braun et al. 2001) categorized authors according to their collaboration patterns. The core of collaboration networks is made up of so-called ''continuants'' around whom other types of researchers revolve, namely ''newcomers,'' ''terminators, '' and ''transient'' collaborators (i.e., ephemeral co-authors) . Besides considering this variety of patterns as the mark of idiosyncratic preferences when collaborating, Price and Gürsey (1975) relate it to the demographics of scientists. The core of collaboration networks composed of continuants gather around the most productive researchers who happen to be senior researchers on the research scene. Nonetheless, there are also highly productive researchers who do not work with many collaborators (Braun et al. 2001 ). One might wonder, then, to what extent they continue to work with previous collaborators? Responses to this question suggest the need for further longitudinal and fine-grained studies of individual researchers.
This article investigates the dynamics of co-authorships from a career-wise perspective. We study a cohort of 3,860 researchers drawn from the scientific domain of Computer Science (CS) over 30 years. Our work extends previous research on individual researchers that suggested that collaborations result from local opportunities and collaborative arrangements elaborated with the passage of time (Genuth et al. 2000; Cronin et al. 2004; Sugimoto and Cronin 2012) . Here, we ask additional questions, such as: What are the scientific career profiles of co-authors involved throughout their careers? How do researchers reify fruitful collaborations in sustained co-authorships? Do researchers tend to maintain the same collaborations or, on the contrary, do they renew their co-authors regularly?
Data
This article relies on empirical observations of a cohort composed of 3,860 researchers. We first introduce the bibliographic dataset we used that records the research publications. We then report descriptive statistics on both (1) the population of researchers present in the whole dataset, and (2) the cohort of sampled researchers under study. These observations reveal features of the data regarding publication rates, and coauthorship intensities.
Demographics of the population
The DBLP Computer Science Bibliography (Ley 2002 ) records bibliographical information about worldwide research in computer science. It also indexes venues concerned with applied computing (e.g., biocomputing, scientometrics). An individual's bibliographic record lists the scientific output of a researcher during his/her career. The DBLP is both online, 1 and publicly released as an XML file that we downloaded on March 11, 2012. This dataset records the bibliographies of 1,095,174 authors, totaling 1,919,594 documents. The quality of records is a key concern for DBLP (Reuther et al. 2006) . Non-western names are transliterated to the ISO-8859-1 (latin1) encoding. Name-related inconsistencies (e.g., homonyms, synonyms) are identified through network analysis of co-authorships, manual detection, and error reports sent by users Hoffmann 2010, 2013) . We refer the interested reader to the DBLP FAQ 2 for a detailed discussion of these name-related issues. We focused on journal articles (N ¼ 784;661) and paper conferences (N ¼ 1;085;393), since these two kinds of materials have been shown to reflect research advances in CS (Chen and Konstan 2010; Freyne et al. 2010) . Note that we discarded pre-prints from the ArXiv CoRR (Computing Research Repository), as these are not peer-reviewed materials and they may also repeat documents published in journals or conferences.
The longitudinal analysis of the DBLP shown in Fig (Ley 2002) . Materials published before 1993 were entered by hand, whereas nowadays the system automatically extracts most of the bibliographic records. The DBLP covers a large share of research output in CS (Reitz and Hoffmann 2010) and various studies have relied on it to reveal the features and publication culture of CS (e.g., see Elmacioglu and Lee 2005; Deng et al. 2008; Cabanac 2012 Cabanac , 2013 Cavero et al. 2014; Solomon 2009 ). The relative decrease in record numbers for year 2011 may result from the latency of data collection and processing.
The number of authors with x papers follows a Lotka (1926) distribution, as shown in Fig. 2 . This finding is in line with a previous observation on the 1968-2003 publications of a CS subfield (Elmacioglu and Lee 2005) . The head of the distribution (comprising the 99 % of authors having published between 1 and 55 papers) contained more authors than we would expect according to the Lotka distribution. At the same time, one would expect to find more authors in the tail of the distribution.
Demographics of the sample under study
This study seeks to uncover the features of academic careers in CS. We thus sampled researchers from the DBLP according to various criteria regarding seniority and productivity. First, we sampled researchers who began publishing between 1980 and 1985, with their last publication appearing in 2005 or later. These requirements intend to sample senior researchers with an active 21-year-long career to 32-year-long career . Second, we discarded those researchers with less than 15 published papers throughout their careers. This requirement allowed us to focus on researchers with a steady research output throughout their careers. Eventually, we arrived at a cohort of 3,860 researchers (denoted R) having published a total of 209,377 journal articles and conference papers (denoted P). In the remainder of this article, we refer to a subject of the cohort as a ''fifty-something researcher.''
The yearly publication output of the cohort ( 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 Number of articles indexed by the DBLP Costas et al. 2010) or at the level of particular scientific domains, such as psychology (Over 1982) , physics, earth science, physiology, and biochemistry (Levin and Stephan 1989) , and physics again (Hall et al. 2007 ). Various factors of productivity decline with time were discussed in the literature (e.g., see Kyvik and Olsen 2008; Stroebe 2010; Goodwin and Sauer 1995) . We refer the interested reader to (Kyvik and Olsen 2008) for a review of these factors grouped into six hypotheses: The utility maximizing hypothesis, the seniority burden hypothesis, the cumulative disadvantage hypothesis, the age decrement hypothesis, the obsolescence hypothesis, and the intellectual deadlock hypothesis. Our cohort's production shown in Fig. 4 fits the Lotka's distribution, but to a lesser extent than did the population (Fig. 2) . We note, however, that the cohort's production distribution is underestimated by Lotka's law. This suggests that our sampled researchers outperformed the production expected from regular researchers. This can be explained by their longevity (about 25 years) and their productivity (at least 15 papers) on the academic scene.
Our idea in this article is that the relational structure of co-authorships can also suggest new hypotheses about these co-authorships and their evolution. We address these hypotheses with a transversal and a longitudinal studies in the following sections.
Transversal study of academic careers
We first studied the co-authorships of papers published by the 3,860 researchers in our study. The transversal study of the entire career of the researchers in R reveals that 50 % of them had between 11 and 34 co-authors (Mdn ¼ 20), as shown by the box of the boxplot in Fig. 5 . Overall, 95 % of the fifty-somethings had between 0 and 68 coauthors, as shown by the whiskers. Notice too that only 30 researchers (0.8 %) had no collaborators at all. The remaining 5 % of outlying researchers (black dots) had more than 68 co-authors.
The boxplot in Fig. 6 shows the partnership ability u-index (Schubert 2012) of the sampled researchers. The median u ¼ 4, which suggests that a typical author has published 4 papers with 4 of his/her co-authors each. Notice the high variance among researchers, with outliers above u ¼ 10 showing hyper-collaborative researchers.
We computed the share of transient co-authors for the 3,830 researchers under study with collaborators (Fig. 7) . We found that 50 % of R did not pursue their publication collaboration with between 62.5 % and 83.9 % of their new co-authors (Mdn ¼ 72:7 %), as shown by the box of the boxplot in Fig. 7 . Overall, 98.6 % of the fifty-somethings have abandoned their collaboration with between 30.6 and 100 % of their new coauthors, as shown by the whiskers. The remaining 1.4 % of outlying researchers secured more than 69.4 % of their new co-authors, as shown by the black dots. Figure 7 suggests that most of the researchers did not collaborate again with at least two-third of their coauthors.
One may wonder about the nature of these ephemeral collaborations. We illustrate this point with a case study on the co-authorship of an active fifty-somethings in the R sample: Dr. Serge Abiteboul, senior researcher, INRIA, France. Abiteboul has 238 referred papers in the P sample with a total of 200 co-authors. Transient co-authors represent 50 % (N ¼ 99) of Abiteboul's co-authors, with whom he co-signed 16 % (N ¼ 40) of his papers. These unbalanced figures imply that some papers were co-authored with several transient researchers. Scientometrics (2015) 102:135-150 139 We studied Abiteboul's ephemeral collaborations by browsing the 40 aforementioned papers with a special attention to the 'acknowledgment' sections. This allowed us to determine the following scientific contexts: 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 Number of articles indexed by the DBLP authored by the sampled researchers Year , with the DELOS-NSF working group (Ioannidis et al. 2005) , and in the context of conference panels and various meetings (e.g., Ö zsu et al. 2011).
• Celebration of Past Research: 13.1 % of transient co-authors (N ¼ 13). This category refers to papers/obituaries honoring the memory of influential researchers. Each of the co-authors commemorates the late colleague by writing a piece of text that is included in the paper. For instance, honor the memory of Professor Seymour Ginsburg. In reminiscence-type papers, each co-author revisit and discuss past landmark papers. For example, ten senior researchers discuss the paper that most influenced their research in (Snodgrass et al. 1999) . In this very paper, Abiteboul commented a landmark paper published 19 years before.
Given the large proportion of transient collaborators, one may wonder how many recurrent co-authors (i.e., non transient) are really involved in an author's career? Overall, 50 % of the researchers had managed to secure between 2 and 11 recurrent co-authors (Mdn ¼ 5), as shown by the box of the boxplot in Fig. 8 . Overall, 95 % of the fifty-somethings had between 0 and 25 co-authors, as shown by the whiskers. The remaining 6 % of outlying researchers (black dots) had more than 25 co-authors. Summing up, the lifelong collaborations of the 3,860 researchers mainly involved transient collaborators (Mdn ¼ 72:7 %, see Fig. 7 ) and a median of 5 recurrent co-authors (Fig. 8) . The longitudinal study of the data reveals further findings discussed in the following section.
Longitudinal study of academic careers
We wondered whether researchers kept working with the same people over and over again, or if they frequently renewed their co-authorships. Of course, there may be several intermediate and less extreme collaboration patterns. To answer this question, we had to distinguish between brand-new and prior collaborations involved in each paper of P. We describe below the method we set up, and the results of the associated longitudinal study.
Method
For any given paper p 2 P published by an author a 2 R, we considered the n co-authors fc 1 ; . . .; c i ; . . .; c n g of a. We classified any co-author c i in one of the two classes: ''New'' or ''Former'' co-author. The assignment of any c i to its class depends on whether we detect any previously published paper p 0 (i.e., yearðp 0 Þ\yearðpÞ) jointly written by a and c i (''former co-author'') or not (''new co-author'').
Let us illustrate this process with the example of John Smith, one of the fifty-something researchers under study (i.e., in R). For each paper published by John Smith (author a), we consider all his authors c i . Table 1 shows an example of a paper published in 2009 with five co-authors: [John Doe, Hélène Haztaquès, Ike Antkare, John Smith, Ashok Kumar, Erika Mustermann]. The function prevCollabða; c i ; yÞ 2 N þ computes the number n of previous collaborations between a (John Smith) and c i , which happened before year y. This is used to assign each c i to a class. The value n [ 0 shows former collaborators of John Smith as of year y, whereas n ¼ 0 shows new collaborators.
Besides identifying former collaborations, we also wondered about the experience in publishing of each co-author c i at the time of the collaboration (i.e., publication of the paper). The function prevPapersðc i ; yÞ 2 N þ computes the number n 0 of papers published by c i before year y. This production indicator is used to classify each c i in one class, namely ''Newcomer'' (n 0 ¼ 0), ''Intermediate'' (n 0 [ 0) or ''Confirmed'' (n 0 [ 0 as well). Instead of intuitively and arbitrarily defining the boundary between ''Intermediate'' and ''Confirmed'' classes, we assumed that the 10 % of most prolific authors would represent confirmed researchers. For example, in 2009, the 10th percentile of papers per author was 9. As a result, researchers having published between 1 and 8 papers before 2009 are denoted as ''Intermediate'' for year 2009. Note that this threshold was computed for each year, as publication habits (and average production) have evolved over time. The globalization of science and publish-or-perish atmosphere (Garfield 1996) may be factors in the steady increase of this threshold (from 4 papers in 1980 to 9 papers in 2011).
Results
We studied the sample of papers produced by the 3,860 researchers in our study. Figure 9 shows the evolution of the average number of co-authors per paper. We found a strong linear relationship ðR 2 ¼ 0:9411Þ between time and the average number of co-authors per paper, which has increased steadily since the late 1980s. Sampled researchers authored papers with an average of 1.8 colleagues at the beginning of their career (1980), while they collaborated with about 3 colleagues per paper during the evening of their careers (2011).
In the following sections, we study the evolution of co-authorships during the career of the 3,860 sampled researchers between 1980 and 2011. We focus on (1) the transience versus continuance of collaborators, and (2) on their expertise.
Collaborations through a researcher's career: transient versus recurrent collaborators
We have already pointed to the increasing number of authors per paper (Fig. 9) . In this section, we study the distribution of former and new co-authors in time. Figure 10 shows that throughout their careers, researchers kept on introducing new collaborators. Meanwhile, the share of former co-authors per paper kept on increasing as time passed. One may thus distinguish three stages during the careers under study: 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011 Number of coauthors (average ± standard deviation) per article of the sampled researchers According to Fig. 10 , however, we cannot determine whether a) ties with new coauthors are consolidated through further collaborations (i.e., do new co-authors become former co-authors?), or b) new co-authors are transient, one-shot partners who do not integrate the group of Former co-authors afterwards. Our transversal study of academic careers (Fig. 7) supports the latter option, since a median of 72.7 % of all co-authors are transient, one-shot partners.
Expertise of co-authors
Next, we wondered about the expertise of the collaborators. According to the theory of Barabási et al. (2002) about preferential attachments, one would expect that the researchers under study would be increasingly attractive because of their growing recognition in the scientific community. Figure 11 shows the distribution of collaborators according to their expertise longitudinally. It must be remembered that the researchers under study themselves were Newcomers at the beginning the 1980s, then became Intermediate, and finally Confirmed, since they had all published at least 15 publications (i.e., more than the aforementioned 10th percentile of paper production per capita). We found that the number of Newcomers slightly decreases as the time passes (Fig. 11) . Nevertheless, researchers never stopped working with Newcomers as co-authors throughout their career. As our researchers gained in experience, they progressively worked with more Intermediate and Confirmed co-authors. This observation may be related to homophily in academia 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 
Discussion
Researchers develop their careers idiosyncratically with respect to the topics that they address, as recently discussed in (Horlings and Gurney 2013) . In this paper, we also stress the influence of social dynamics on the shaping of careers.
The study of co-authorships is not novel per se (e.g., see Glänzel and Schubert 2005) . At an aggregated level, they provide hints of the transience and continuance of collaborations at a national level (Schubert and Glänzel 1991; Souza and Azevedo Ferreira 2013; Cheng et al. 2013) , or on the construction and evolution of subfields inside a research domain (Velden Lee et al. 2010) . At the individual level, they provide hints on researcher careers as co-authorships convey the core of each researcher's activity. For example, Zhang and Glänzel (2012) analyzed the co-authorships of four eminent researchers in different disciplines to show discrepancies. Our study reveals the average tendencies in researchers' co-authorships in pure and applied Computer Science. We found that researchers increasingly worked with Former co-authors in new publications as their careers move on. The attractiveness of New ''Confirmed'' (i.e., expert) co-authors, although being slightly more important at the beginning of researchers' careers then rapidly levels off throughout researchers' careers. Coauthors held in esteem are familiar collaborators with whom they repeatedly collaborated. This suggests that preferential attachments are probably supported by social phenomena, such as homophily and acquaintanceship. Our study helps to lay the groundwork for a careful analysis of small groups formed by co-authors of any article. Several extensions to this type of research can be suggested in order to deepen some of the current issues involving scientific collaboration. Studies of small groups of co-authors would allow the reexamination of the social structure of the domain under study, as a complement to studies at an aggregated level. In the same way, we would have to study the ''lost'' co-authors (i.e., terminators) of our researcher cohort: Is there a period in a researcher's career when he/she no longer publishes with co-authors with whom he/she extensively published previously? To what extent is it reciprocated? Interviews with researchers drawn from the cohort would allow us to understand better these cases of ''lost'' co-authors. Furthermore, understanding long partnerships would also be interesting: What types of relations lead to such partnerships (e.g., subject matters and/ or social proximity through institution, friendship or family bonds)? Are there negative relationships affecting the careers of researchers (e.g., ''sticky'' or exclusive co-authors preventing one from working with other colleagues)? Such questions require qualitative study, as an essential complement to the quantitative research presented in this article. 
Summary and conclusion
This research focused on the study of collaborations among researchers. Our approach is different from numerous studies on co-authorship networks, as it relies on a longitudinal study of lifelong careers of a researcher cohort. We mined the publication records of this cohort extracted from the DBLP Bibliography related to Computer Science (extracted from article bylines). We considered 3,860 researchers who published at least 15 papers in Computer Science conferences and journals alike, provided that they started publishing between 1980 and 1985, and were still active from 2005 onward.
Our study revealed that the 3,860 researchers collaborated with a sustained number of new co-authors throughout their careers. A median of 72.7 % co-authors were transient and the circle of recurrent co-authors comprised a median of 5 collaborators. We found that the number of newcomers among co-authors slightly decreased with the passage of time. Nevertheless, researchers never stopped working with newcomers as co-authors throughout their careers. As researchers gained in experience, they progressively worked with more intermediate and confirmed co-authors, with whom they already published. New coauthors were equally distributed among the three classes of expertise (newcomers, intermediate, and confirmed).
We see several extensions to this type of research to deepen some current issues in the study of scientific collaborations. Studying the hierarchies within small groups of coauthors might reveal other forms of research stratification, and it might give a new slant on the old issue of inequalities in research (Cole and Zuckerman 1984; Cole 1979) . One extension of our work will be to make a differentiated analysis of sub-cohorts of researchers to better understand their characteristics (according to gender, geographical origin, institutional origins, and so on) and to further elaborate the structural and demographic constraints that influence potential collaboration.
